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Resumen
El realce de bordes es un elemento de 
análisis para entender la estructura espacial 
de imágenes de satélite. Se presentan dos 
métodos para extraer los bordes de imágenes 
multiespectrales de satélite. Una imagen 
multiespectral se modela como un campo 
vectorial de un número de dimensiones igual 
al número de bandas en la imagen. En este 
PRGHOR XQ SL[HO VH GH¿QH FRPR XQ YHFWRU
formado por un número d elementos igual al 
número de bandas. Se aplican dos operadores 
vectoriales a tal campo vectorial. En nuestro 
SULPHU PpWRGR H[WHQGHPRV OD GH¿QLFLyQ
GH JUDGLHQWH (Q HVWD H[WHQVLyQ VH REWLHQH
el vector diferencia del pixel central de una 
ventana con los pixels vecinos.  Se genera 
entonces una imagen multiespectral donde 
cada pixel representa el máximo cambio en la 
respuesta espectral en la imagen en cualquier 
GLUHFFLyQ $ HVWD LPDJHQ VH OH GHQRPLQD
el gradiente multiespectral. El otro método 
FRQVLGHUD OD JHQHUDOL]DFLyQ GHO /DSODFLDQR
por medio de la transformada de Fourier 
KGLPHQVLRQDO$HVWDLPDJHQVHOHGHQRPLQD
HO /DSODFLDQR PXOWLHVSHFWUDO /RV RSHUDGRUHV
YHFWRULDOHVUHDOL]DQXQDH[WUDFFLyQVLPXOWiQHD
del contenido de bordes en las bandas 
espectrales de la imagen multiespectral. 
Nuestros métodos son libres de parámetros. 
Nuestros métodos trabajan para una imagen 
multiespectral de cualquier número de bandas. 
Se discuten dos ejemplos que involucran 
imágenes multiespectrales de satélite a dos 
escalas. Comparamos nuestros resultados 
con procedimientos de realces de bordes 
DPSOLDPHQWHHPSOHDGRV/DHYDOXDFLyQGHORV
resultados muestra un mejor comportamiento 
de los métodos propuestos comparados con los 
operadores de bordes ampliamente usados..
Palabras clave: GHWHFFLyQ GH ERUGHV LPDJHQ
multiespectral, realce de borde, operador 
vectorial.
Abstract
Edge enhancement is an element of analysis 
to derive the spatial structure of satellite 
images. Two methods to extract edges from 
multispectral satellite images are presented. 
$PXOWLVSHFWUDO LPDJH LVPRGHOHGDVDYHFWRU
¿HOGZLWKDQXPEHURIGLPHQVLRQVHTXDOWRWKH
number of bands in the image. In this model, a 
SL[HOLVGH¿QHGDVDYHFWRUIRUPHGE\DQXPEHU
of elements equal to the number of bands. Two 
vector operators are applied to such vector 
¿HOG ,Q RXU ¿UVW PHWKRG ZH H[WHQG WKH
GH¿QLWLRQ RI WKH JUDGLHQW ,Q WKLV H[WHQVLRQ
the vector difference of the window central 
SL[HO ZLWK QHLJKERULQJ SL[HOV LV REWDLQHG $
multispectral image is then generated where 
each pixel represents the maximum change in 
spectral response in the image in any direction. 
This image is named a multispectral gradient. 
The other method, considers the generalization 
RIWKH/DSODFLDQE\PHDQVRIDQK-dimensional 
Fourier transform. This image is named a 
PXOWLVSHFWUDO /DSODFLDQ 7KH YHFWRU RSHUDWRUV
perform a simultaneous extraction of edge-
content in the spectral bands of a multispectral 
image. Our methods are parameter-free. Our 
methods work for a multispectral image of any 
number of bands. Two examples are discussed 
that involve multispectral satellite images at 
two scales. We compare our results with widely 
used edge enhancement procedures. The 
evaluation of results shows better performance 
of proposed methods when compared to widely 
used edge operators.
Key words: edge detection, multispectral 
image, edge enhancement, vector operator.
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Introduction
Edge detection has been undertaken for 
gray-level and color images using a number 
RI PHWKRGV DQG SURFHGXUHV 0RVW RI WKH
WHFKQLTXHVSXEOLVKHGLQWKHVFLHQWL¿FOLWHUDWXUH
in the last years deal with color images.
Well-established methods such as Kirsch, 
6REHO*UDGLHQWDQG/DSODFLDQRSHUDWRUVKDYH
been widely used to extract edges in gray-level 
LPDJHV3UDWW%RZ\HUDQGFRZRUNHUV
SURYLGHGDGHWDLOHGDFFRXQWRIDQXPEHU
of edge operators in gray images. The reviewed 
operators carry a set of parameters that needs 
WR EH GH¿QHG LQ WHUPV RI KHXULVWLF FULWHULD
Ground-truth images were used to derive a 
FODVVL¿FDWLRQ RI HGJH RSHUDWRU SHUIRUPDQFH
%RZ\HUet al $GHIRUPDEOH FRQWRXU
GH¿QHG E\ D ZDYHOHW VQDNH LV GHVLJQHG WR
identify the boundary of pulmonary nodules in 
GLJLWDO FKHVW UDGLRJUDSKV <RVKLGD  ,Q
WKLVZRUN <RVKLGD DPXOWLVFDOH HGJH
representation is obtained by means of the 
ZDYHOHW WUDQVIRUP WKLV SURGXFHV KRZHYHU
fragmented edge segments. Therefore, a 
wavelet snake was used to produce a smooth 
and closed contour of a pulmonary nodule. 
Other methods to detect edges in gray-level 
images use fuzzy logic. Segmentation of a fuzzy 
image into regions of similar image properties 
was achieved by means of a fuzzy procedure 
%LJDQGet al7KLVPHWKRGZRUNVZLWK
fuzzy-like and noisy images. Zero crossings 
that correspond to gradient maxima were 
obtained by means of the cosine transform 
LQ QRLV\ LPDJHV 6XQGDUDP  7KLV
scheme favors the detection of weak edges in 
background noise and suppresses false edges.
7KH PRGHOLQJ RI QDWXUDO 5*% LPDJHV DV
YHFWRU¿HOGVKDVEHHQH[SORLWHGWRGHWHFWHGJHV
LQ FRORU LPDJHV .RVFKDQ DQG $ELGL 
(YDQV DQG /LX  ,Q WKHLU VWXGLHV WKH
DXWKRUV.RVFKDQDQG$ELGLSURYLGHDQ
overview of color edge detection techniques, 
and, in particular, generalizations of Canny 
and Cumani operators to color spaces were 
GLVFXVVHGZLWKH[DPSOHV(YDQVDQG/LX
provide a review of color edge detectors.
$ SDUDPHWHUIUHH DSSURDFK FRXOG EH
obtained when an automatic determination 
threshold was calculated using a model-based 
design (Fan et al:LWKWKLVDSSURDFKD
color-image edge operator is derived. Cellular 
neural networks applied to color images 
UHVXOWHGLQDPRGHOWRGHWHFWHGJHV/Let al., 
 7KLV PRGHO ZDV VXFFHVVIXOO\ DSSOLHG
WR 5*% LPDJHV ZLWK FRORU WHVW SDWWHUQV ,Q
addition to these results, the authors provided 
a detailed revision of color edge detection 
techniques.
5HFHQW DGYDQFHV LQ HGJH HQKDQFHPHQW
for color images show clear advantages over 
methods for mono-spectral images (Xu et al., 
&KHQDQG&KHQ1H]KDGDU\DDQG
.UHLGLHK*DRet al &KXet al., 
 &RORU LPDJHV DUH LQFUHDVLQJO\ XVHG
in many applications such as surveillance, 
FRPSXWHU YLVLRQ DQG URERWLFV 0XOWLVSHFWUDO
satellite images are available at several 
scales. For these two groups of images, edge 
enhancement is an element of structural 
analysis.
$JHQHUDOPHWKRGLVQHHGHGWKDWZRUNVIRU
any number of bands, with no parameters and a 
UHDVRQDEOHFRPSXWLQJWLPH7RIXO¿OOVXFKJRDO
we model a multispectral satellite image by 
PHDQVRIDYHFWRU¿HOG7KHGLPHQVLRQRIWKLV
¿HOGHTXDOVWKHQXPEHURIEDQGVRIWKHLPDJH
8SRQWKLV¿HOGZHPD\DSSO\YHFWRURSHUDWRUV
We compare our results with those obtained 
IURPFRQYHQWLRQDOHGJHRSHUDWRUV3UDWW
%RZ\HUet al:HFDUU\RXWDGHWDLOHG
evaluation of our results. Such evaluation 
includes qualitative and quantitative analysis. 
Our evaluation shows a clear improvement 
with respect to conventional edge operators. 
Study area and data
Two multispectral satellite images were used 
to test the goodness of our method at different 
VFDOHV%RWKLPDJHVFRYHUDSRUWLRQRI0H[LFR
City where the runaways of an airport are 
clearly visible. One of the images is formed by 
WKHYLVLEOHDQGQHDU LQIUDUHG91,5EDQGVRI
WKH $GYDQFHG 6SDFHERUQH 7KHUPDO (PLVVLRQ
DQG5HÀHFWLRQ5DGLRPHWHUVHQVRU$67(5RQ
ERDUG7HUUDVDWHOOLWH)LJXUH7KHIRXUEDQGV
RIWKH,.2126VHQVRU)LJXUHIRUPWKHRWKHU
LPDJH 7DEOH  SURYLGHV EDVLF SDUDPHWHUV RI
these images.
Table 1. %DVLF SDUDPHWHUV RI PXOWLVSHFWUDO
images.
 ASTER  IKONOS
$FTXLVLWLRQGDWH -XO\ -XQH
Pixel size (m  
'LPHQVLRQSL[HOV [ [
%DQGVPP  
  
 1 
 % 
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The high density of streets, avenues and 
buildings of the city results in a large number of 
edges per unit area. Such edges are of varying 
shape and size. Therefore, the multiple edges 
formed by streets, avenues, causeways and 
building blocks are a good test for our method.
These images are not precisely ortho-
UHFWL¿HGVLQFHQR LPSOLFDWLRQVRQRXUPHWKRG
DULVH +RZHYHU UHFWL¿FDWLRQ ZLWK ¿UVWRUGHU
polynomial equation was applied in order 
to relate pixel coordinates with geographic 
coordinates.
Methods
In a multispectral image, the information-
content of edges varies through the bands. 
In order to extract the information of edges 
from the multispectral image, we require a 
transformation applicable to the image as a 
whole.
Figure 1. First principal component of 
$67(5LPDJH
Figure 2. First principal component of 
IKONOS image.
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In addition to the original bands, principal 
components analysis was performed on the 
WZR LPDJHV 7KH ¿UVW SULQFLSDO FRPSRQHQW
of both images is used to apply widely used 
HGJH RSHUDWRUV 3UDWW  %RZ\HU et al., 
7KHVHRSHUDWRUVDUHXVHGIRUWKHVDNH
of comparison with the methods developed 
LQ RXU ZRUN 7KH ¿UVW SULQFLSDO FRPSRQHQW
accumulates most of the variance of the 
LPDJHV  IRU WKH $67(5 LPDJH DQG
IRUWKH,.2126LPDJH7KHUHIRUHZH
DSSOLHGZLGHO\XVHGHGJHRSHUDWRUVWRWKH¿UVW
principal component.
9HFWRU¿HOGRIDPXOWLVSHFWUDOLPDJH
The modeling of an K-dimensional multispectral 
LPDJH DV D YHFWRU ¿HOG ZLOO EH DGGUHVVHG LQ
VHFWLRQ  /LUD DQG 5RGUtJXH]  7KLV
¿HOGKROGVWKHVDPHGLPHQVLRQDVWKHRULJLQDO
PXOWLVSHFWUDOLPDJH7KH¿HOGLVFRPSRVHGE\
the set of pixels considered as K-dimensional 
vectors.
,Q 6HFWLRQ  ZH GHWHUPLQHG PD[LPXP
difference vectors in a moving window that 
systematically scan the entire image. This 
maximum difference produces an K-dimensional 
image where edges are enhanced.
,Q6HFWLRQZHGHULYHGDQK-dimensional 
/DSODFLDQXVLQJ)RXULHUWUDQVIRUP7RGRVRZH
¿UVWFRQVLGHUWKH)RXULHUWUDQVIRUPRIVHFRQG
SDUWLDOGHULYDWHVRIDQLPDJH%UDFHZHOO
:LWKWKLVUHVXOWZHSURGXFHGWKH/DSODFLDQRI
DQLPDJH)LQDOO\ZHJHQHUDOL]HGWKH/DSODFLDQ
for multispectral images composed of K-bands. 
$ÀRZFKDUW UHVXPHVRXUPHWKRGV IURP WKH
modeling of a multispectral image as a vector 
¿HOGWRWKHHQKDQFHPHQWRIHGJHVWKURXJKWKH
EDQGVRIWKHLPDJH)LJXUH
/HW L { ^    0`  ^    1` EH D
rectangular discrete lattice. This lattice is 
virtually overlaid on the scene. On each node 
of L, a resolution cell named the instantaneous 
¿HOGRIYLHZ,)29LVORFDWHG)RUHDFK,)29
an K-dimensional vector {b,b, . . . bK` LV
derived by means of a multispectral sensor 
set. The vector {b,b, . . . bK`UHSUHVHQWVWKH
average spectral properties of an IFOV of the 
scene. This vector is named a picture element 
SL[HO RI D PXOWLVSHFWUDO LPDJH ,Q RWKHU
words, the IFOV is a physical area in the scene, 
ZKLOHWKHSL[HOLVWKHGLJLWDOQXPEHU'1LQWKH
LPDJH/HW WKHPXOWLVSHFWUDO LPDJHg = {gi`
be formed by the group of pixels according to 
the following set gi = {bjNO`i,  i. Where i  b LVWKHVHW^K`UHSUHVHQWLQJWKH
collection of bands of the multispectral image. 
On the other hand, let Xi be the set
 Xi {{XiŇXi b[imí` i 
:KHUHP  LQPRVWFDVHV7KHFDUWHVLDQ
product XK = X u X u . . . XKGH¿QHVWKHVHWRI
the ordered K-tuple (x,x, . . . xK:HHTXDWH
xi = bi, therefore (b,b, . . . bKLVDQK-tuple 
in this cartesian coordinate system. To every 
K-tuple (b,b, . . . bKDYHFWRU u is associated: 
u(x,x, . . . xK (b,b, . . . bK
The set of vectors {u(x,x, . . . xK` LV
the result of the mapping of the multispectral 
LPDJH RQWR D YHFWRU ¿HOG :H QRWH WKDW QRW
every K-tuple (x,x, . . . xK KDV D YHFWRUDVVRFLDWHGWRWKHYHFWRU¿HOGDQGDQn-tuple 
(x,x, . . . xKPD\KDYHPRUHWKDQRQHYHFWRUDVVRFLDWHGWRWKHYHFWRU¿HOG+HQFHWKHYHFWRU
¿HOGDVVRFLDWHGZLWKWKHPXOWLVSHFWUDOLPDJHLV
the set of vectors U = {u(x,x, . . . xK`
Multispectral gradient
Once the multispectral image is modeled as 
D YHFWRU ¿HOG ZH PD\ SURFHHG WR GH¿QH D
PXOWLVSHFWUDOHGJH/HWvc be a moving window 
that systematically scans, pixel by pixel, the 
whole image. The window vc LV RI VL]H uSL[HOV/HWD(gEHWKHGRPDLQRI WKH LPDJH
Figure 3. Schematic diagram for calculation of 
PXOWLVSHFWUDOJUDGLHQWDQGPXOWLVSHFWUDO/DSODFLDQ
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thus the condition that vc  D(gGHWHUPLQHV
that the border pixels of the image cannot be 
processed.
/HWWKHYHFWRUpc be the central pixel of such 
window and let p, p, . . . p be the neighboring 
pixels of pc. The set of pixels {pi`L LVWKHFRQQHFWHGQHLJKERUVHWRIpc. We 
obtain the vector difference of the central pixel 
with all neighboring pixels of the window
 'pi = pc - pi,  i  vc 
The vector of the window that makes 
the largest difference is written in an output 
multispectral image named f
 p p pi c i
c
∈ −
∈
f : max
i v
P  
(TXDWLRQ  PHDQV WKDW FHQWUDO SL[HO pc, 
in moving window, is replaced by neighboring 
pixel pi with the largest Euclidiean distance to 
the central pixel.
The vector difference is calculated employing 
the Euclidian distance
 
p pc i j
c
j
i
j
b b− = −
=
∑ ( )
/
2
1
1 2η
 
The image f contains the edge information 
across the bands of the original image g. 
Image f is dubbed the multispectral gradient 
)LJXUH
$YHUDJH RI EDQGV RI RXWSXW HGJH LPDJH
f is calculated in order to concentrate the 
information on a single image. Principal 
components analysis may be applied as 
well to output image f to concentrate in the 
¿UVW FRPSRQHQW WKH HGJH FRQWHQW RI WKH
multispectral-edge image. We use the average 
of the output image bands.
'HULYDWLRQRIK-dimensional Laplacian
$/DSODFLDQLVZLGHO\XVHGDVDQHGJHRSHUDWRU
3UDWW1HYHUWKHOHVVDFWXDO/DSODFLDQLV
applied to each separate band of a multispectral 
LPDJH$PXOWLVSHFWUDO/DSODFLDQLVQHHGHGWR
extract edge content from the ensemble of the 
bands as a whole.
We begin with the consideration of the 
/DSODFLDQ LQ FRQWLQXRXV VSDFH DQG WKHQ ZH
ZULWHWKHUHVXOWLQGLVFUHWHVSDFH/HWJx,y
^ be a function that describes a single band 
image where (x,y DUH WKH FRRUGLQDWHV RI D
pixel in this image. We initiate this step with 
the use of the equations
 
∂
∂
⎡
⎣⎢
⎤
⎦⎥ = −
g G
2
2 22( , ) ( ) ( , )x y
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π       ω ω      ωF

 
∂
∂
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⎤
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
$GHWDLOHGH[SODQDWLRQRQWKHGHULYDWLRQRI
HTXDWLRQVDQGLVSURYLGHGLQ/LUD
,QHTXDWLRQVDQG  stands for Fourier 
transform, G(Zx,ZyLVWKH)RXULHUWUDQVIRUPRI
the image g(x,yDQGMLVWKHFRPSOH[QXPEHU
<1,QHTXDWLRQVDQGx,yDUHVSDWLDO
coordinates in image domain, whereas (wx, wy
are spatial frequencies in Fourier domain.
)URP HTXDWLRQV  DQG  ZH KDYH WKH
)RXULHUWUDQVIRUPRIWKH/DSODFLDQ
 [ = − +2 2 2 22g G( , )] ( ) ( ) ( , )x y x y x y∆ π         ω ω                ω       ω  F   
  
(TXDWLRQLVGXEEHGWKHVFDODU/DSODFLDQ
On the grounds of results given by equation 
ZHPD\JHQHUDOL]HWKH)RXULHU WUDQVIRUP
RIWKH/DSODFLDQWRnGLPHQVLRQV/HWf(r^K, 
be a vector valued function that describes a 
multispectral image formed by n-bands. The 
vector f(r   ^I(x,y I(x,y    IK(x,y`
represents the values of a pixel through the 
bands, i.e., the image value at a pixel location 
r = (x,y^K. The function f(r LV D YHFWRU
¿HOG WKDW GHVFULEHV WKH PXOWLVSHFWUDO LPDJH
according to lineaments described in section 
 /LUD DQG 5RGULJXH]  7KH )RXULHU
transform of f(r LV WKHQ %UDFHZHOO 
(EOLQJDQG6FKHXHUPDQQ
 
F f r f r r r( ) [ ( )] ... ( )exp{ }ω ω= = − ⋅
∞
+∞
∞
+∞ ∫∫ 2π j d
--
F
 
  
7KH)RXULHUWUDQVIRUPRIWKHYHFWRU¿HOGf(r
produces a vector valued function in Fourier 
space, namely, F(Z    >f(r@ 7KH YHFWRU
F(Z ^)(Z, Z)(Z, Z)K(Z, Z`
represents the spatial frequency content of the 
image at the location Z = (Z,Z,Q^K, the 
coordinates in Fourier domain (Z, Z DQG
spatial domain (x, y FRYHU WKHVDPHUDQJH

      VOLUME 53 NUMBER 3
-/LUDDQG$5RGUtJXH]
x, w0DQGy, Z1EXWWKHLU
meaning is different: (x, yUHSUHVHQWVVSDWLDO
coordinates, while (Z, Z UHSUHVHQWV VSDWLDO
frequencies.
In discrete space _d, the coordinates in 
Fourier domain k = (k, kDQGVSDWLDOGRPDLQ
q = (m, nFRYHUWKHVDPHUDQJHm, k0DQGn, k1,If(q _d, where 
(m, n; k, k _, then the discrete version of HTXDWLRQLV
 F f f( ) [ ( )] ... ( )exp{ }k q q q= = − ⋅∑∑ 2π
η
j
m
N
i
kF  
  
Where f(q ^I(m, nI(m, nIK(m, 
n`DQGF(k ^)(k, k)(k, k)K(k, 
k`7KH/DSODFLDQLQ_dRIWKHYHFWRU¿HOGf(q
is therefore
 [ = −2 2 22f F( )] ( ) ( )q k kπF  
Where F(k    >f(q@ 7KLV HTXDWLRQ FDQ
be applied to a multispectral image to derive 
edge content through the bands. Note that 
HTXDWLRQ  LV D SDUWLFXODU FDVH RI HTXDWLRQ
(TXDWLRQLVGXEEHGWKHPXOWLVSHFWUDO
/DSODFLDQ
7R FDOFXODWH WKLV PXOWLVSHFWUDO /DSODFLDQ
ZH ¿UVW REWDLQ WKH )RXULHU WUDQVIRUP RI WKH
YHFWRU¿HOGDVVRFLDWHGWRWKHLPDJHWRSURGXFH
F(k,Q)RXULHUVSDFHZHPXOWLSO\WKHUHVXOW
E\±SŇkŇ and apply the inverse Fourier 
WUDQVIRUPWRREWDLQWKHPXOWLVSHFWUDO/DSODFLDQ
)LJXUH
(YDOXDWLRQRIHGJHV
The criteria to evaluate the edge enhancement 
resulting from our methods and from widely 
known edge operators are divided in qualitative 
and quantitative. The edges produced by the 
urban network of streets, avenues, buildings, 
idle lots and parks occur at random directions 
LQ WKH LPDJHV 'XH WR WKLV UDQGRPQHVV D
SUR¿OH RI SL[HO YDOXHV DORQJ DQ\ GLUHFWLRQ LV
representative of the edge content of the 
LPDJHV :H FRQVLGHUHG SL[HO YDOXHV SUR¿OHV
along several directions. We analyzed such 
SUR¿OHV IRUZLGHO\NQRZQHGJHRSHUDWRUVDQG
for outputs of our methods. We present the 
SORWV RI WZRSUR¿OHV IRU HDFK VHQVRU DQGZH
include two graphs that condense the behavior 
RI WHQ SUR¿OHV IRU HDFK VHQVRU $67(5 DQG
,.2126,QWRWDOZHDQDO\]HGWZHQW\SUR¿OHV
From these plots, we derive a qualitative and 
quantitative evaluation as described below. 
%ODFNGRWVLQ¿JXUHVDQGLQGLFDWHWKH
lines where the plots were extracted. Figures 
   DQG LQGLFDWH WKH OLQH FROXPQ
DQGDQJOHRIWKHORFDWLRQRISUR¿OHV
Qualitative evaluation
We display in a high-resolution monitor the 
edge enhanced images. We display as well 
WKH¿UVWSULQFLSDOFRPSRQHQWRIERWK LPDJHV
$ GHWDLOHG YLVXDO LQVSHFWLRQ LV FDUULHG RXW
On the grounds of previously published work 
on qualitative image evaluation (Escalante-
5DPLUH]DQG/LUDHDFKHGJHHQKDQFHG
image was rated according to the following 
qualitative criteria: general quality, sharpness, 
contrast, and noisiness. In addition, we 
evaluated the number of gray levels and 
GH¿QLWLRQ RI HGJHV 6LQFH WKH ¿UVW SULQFLSDO
component of the images accumulates 
most of the variance, we compare the edge 
enhancement with this component. The aim 
of this comparison is to evaluate, according 
to the above criteria, the degree of edge 
enhancement with respect to the original edge 
information content of the images.
Quantitative evaluation
We use several indicators to perform a 
TXDQWLWDWLYHHYDOXDWLRQ)LJXUH6ORSH±WKH
PRUHVWHHSQHVVWKHEHWWHUWKHGH¿QLWLRQRIWKH
slope of an edge. Widening – a width as close as 
possible to the original edge the better. Spatial 
location – the closest of the enhanced edge to 
the original location the better. Contrast – the 
highest the contrast the better.
$ FRPSXWHU FRGH ZDV GHYHORSHG IRU
TXDQWLWDWLYHHYDOXDWLRQ$QLPDJHLVGLVSOD\HG
in a high resolution monitor. With the help of 
a cursor, a line of the image is selected. The 
SUR¿OH RI SL[HO YDOXHV LV VKRZQ LQ D SORW $
SUR¿OHLVVHOHFWHGWKDWFRQWDLQVRQHRIWKHHGJH
PRGHOVJLYHQLQ¿JXUH$VSOLQHLVREWDLQHGIRU
the selected edge-model. From such spline, the 
SDUDPHWHUVLQGLFDWHGLQWKHPRGHOVRI¿JXUH
are calculated. There are many types of edges 
in the images. To obtain a coherent quantitative 
evaluation of edges, we considered three types 
that occur frequently in the images. Figure 
 VKRZV D VFKHPDWLF GLDJUDP RI VXFK W\SHV
where the above indicators are depicted. We 
performed such measurement for an ensemble 
RI HGJHV )LJXUH F VKRZV D SUR¿OH WKDW
RFFXUVRQO\LQ/DSODFLDQDQG.LUVFKRSHUDWRUV
The computation of indicators is as follows.
Slope – we measure the slope as the angle 
of the borders of an edge with respect to the 
'
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vertical direction. Widening – we measure the 
maximum width of an edge in pixels. Spatial 
location – we identify the spatial coordinate of 
the center of an edge. Contrast – we measure 
the contrast as the difference between the 
maximum value and the minimum value of an 
edge.
In order to complement our evaluation of 
edge enhancement we developed a computer 
code for the Canny and Cumani operators 
.RVFKDQ DQG $ELGL  (YDQV DQG /LX
 7KH FRPSXWHU FRGH ZDV GHVLJQHG
following the method explained in the article 
E\.RVFKDQDQG$ELGL 7ZR5*% IDOVH
FRORUFRPSRVLWHVZHUHSURGXFHGXVLQJWKH¿UVW
WKUHH EDQGV RI $67(5 DQG ,.2126 LPDJHV
Upon these images, the Canny and Cumani 
operators were applied. Such operators consist 
RI D WZRVWHS SURFHGXUH 7KH ¿UVW VWHS LV
WKH HQKDQFHPHQW RI WKH HGJHV WKH VHFRQG
step is the detection of the edges by means 
of a threshold operation. We present results 
RQO\ IRU WKHHQKDQFHPHQWRI WKHHGJHV%RWK
operators, Canny and Cumani, carry a number 
of parameters that require a determination by 
heuristic procedures. There are no analytical 
methods to estimate such parameters in an 
optimal design. Instead, our methods are 
parameter-free.
Results and discussion
Results
The necessary algorithms to apply the methods 
described in previous section were developed 
XVLQJ'HOSKLODQJXDJHUXQQLQJXQGHU:LQGRZV
LQD3&6HYHUDOHGJHSURGXFWVDUHSUHVHQWHG
in our work. They are organized in two groups: 
DHGJHVIURPZLGHO\XVHGHGJHRSHUDWRUVE
edges derived from the methods developed in 
our work. These groups are analyzed. In order 
to facilitate the comparison of these results, 
Figure 4. Schematic diagram of an edge and parameters of evaluation.
a)
b)
c)
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four mosaics of selected regions of the images 
were prepared. These mosaics include the 
multispectral edges derived from our method 
and results from the above mentioned edge 
RSHUDWRUV %R[HV RQ ¿JXUHV  DQG  VKRZ
the areas from which these mosaics were 
extracted. The mosaic prepared from boxes on 
WKHOHIWRI¿JXUHVDQGDUHGXEEHGPRVDLF
$DQGWKRVHRQWKHULJKWDUHGXEEHGPRVDLF%
$ VHW RI SUR¿OHVDUHSURGXFHG WR HYDOXDWH
the performance of edge enhancement of the 
PHWKRGV FRPSDUHG LQ WKLV UHVHDUFK 3UR¿OHV
DUHFRPSDUHG$SUR¿OHIURPWKH¿UVWSULQFLSDO
component of the original image is compared 
DJDLQVW WKH SUR¿OHV RI DOO HGJH HQKDQFHPHQW
methods considered in our work.
The mosaics are used to perform the 
qualitative evaluation as discussed in previous 
VHFWLRQ 7KH SUR¿OHV DUH XVHG WR GHYHORS
the quantitative evaluation as discussed in 
previous section. The above-mentioned groups 
show the following results.
(GJHVIURPYHFWRUGLIIHUHQFHVLQDPRYLQJ
ZLQGRZPXOWLVSHFWUDOJUDGLHQW
$VH[SODLQHGLQ6HFWLRQDPXOWLVSHFWUDO
edge image is obtained. This multispectral 
image carries the same number of bands as 
the input image. The average of the bands 
of such multispectral edge image was used 
IRU TXDQWLWDWLYH HYDOXDWLRQ )LJXUHV  DQG 
VKRZVWKHHQKDQFHPHQWRIHGJHVRIWKH$67(5
image resulting from such procedure. Figures 
DQGGHSLFW WKHHQKDQFHPHQWRI HGJHVRI
the IKONOS image. For visual purposes, a 
linear saturation enhancement was applied to 
¿JXUHV7KHTXDQWLWDWLYHHYDOXDWLRQZDV
performed upon original results.
Figure 5.0RVDLF$67(5$D3&EDYHUDJHRIPXOWLVSHFWUDOJUDGLHQWFPXOWLVSHFWUDO/DSODFLDQG6REHO
on PCH)UHL&KHQRQ3&I.LUVFKRQ3&JVFDODU/DSODFLDQRQ3&K3UHZLWWRQ3&L5REHUWVRQ3&.
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 (GJHV IURP WKHPXOWLVSHFWUDO /DSODFLDQ
6HFWLRQ
7KH PXOWLVSHFWUDO /DSODFLDQ GHULYHG IURP
HTXDWLRQ  ZDV DSSOLHG WR ERWK LPDJHV
$67(5¿JXUHVDQGDQG,.2126¿JXUHV
DQG
(GJHVIURPWKH¿UVWSULQFLSDOFRPSRQHQW
of images.
The following edge operators were applied 
WRWKH¿UVWSULQFLSDOFRPSRQHQWRI$67(5DQG
IKONOS images: Sobel, Frei-Chen, Kirsch, 
VFDODU/DSODFLDQ3UHZLWWDQG5REHUWV5HVXOWV
DUHVKRZQLQ¿JXUHVDQGIRU$67(5LPDJH
DQG¿JXUHVDQGIRU,.2126LPDJH
(GJHVIURPFRORURSHUDWRUV
Two mosaics were prepared to show 
the results of Canny and Cumani operators 
)LJXUH:HDSSOLHGDKLVWRJUDPVDWXUDWLRQ
transformation to the images of the mosaics 
IRUYLVXDODSSUHFLDWLRQSXUSRVHV$QLQVSHFWLRQ
of results shows an enhancement similar 
WR WKH 6REHO RSHUDWRU )LJXUH  7KHUH DUH
two limitations to the Canny and Cumani 
RSHUDWRUV 7KH ¿UVW RQH LV WKDW WKH\ FDUU\ D
QXPEHURISDUDPHWHUVWKDWQHHGWREHGH¿QHG
by experimental procedure. The second one is 
WKDWWKH\ZRUNIRU5*%FRORULPDJHVRQO\QR
generalization exists for an arbitrary number of 
bands of a multispectral image.
Figure 6.0RVDLF$67(5%D3&EDYHUDJHRIPXOWLVSHFWUDOJUDGLHQWFPXOWLVSHFWUDO/DSODFLDQG6REHO
on PCH)UHL&KHQRQ3&I.LUVFKRQ3&JVFDODU/DSODFLDQRQ3&K3UHZLWWRQ3&L5REHUWVRQ3&.
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7KH SUR¿OHV IRU DOO HGJH HQKDQFHPHQW
PHWKRGV DUH VKRZQ LQ ¿JXUHV  DQG  IRU
$67(5 PRVDLFV DQG ¿JXUHV  DQG  IRU
IKONOS mosaics.
In order to complement the procedure of 
SUR¿OHH[WUDFWLRQ)LJXUHVDPRVDLF
RIVWULSLPDJHVZDVSUHSDUHG)LJXUH7KH
VWULSFRQVLVWRIDVXELPDJHRISL[HOV ORQJ
E\  SL[HOVZLGH 7KH GRWV LQGLFDWH WKH OLQH
RI SL[HOV UHODWHG WR WKH SUR¿OH 7KH PRVDLF
LV IRUPHGE\ VWULSV RQH IRU HDFK LPDJHRI
¿JXUH:HSUHVHQWRQHPRVDLFRIVWULSV
 7KH LQGLFDWRUV )LJXUH  GHVFULEHG LQ
quantitative evaluation were measured for 
WZHQW\SUR¿OHVWHQIRU$67(5LPDJHDQGWHQIRU
IKONOS image. The measurement was carried 
out for the whole ensemble of edge operators 
considered in our research. Such measurement 
LQFOXGHV WKH ¿UVW SULQFLSDO FRPSRQHQW RI
$67(5DQG,.2126LPDJHV7KHYDOXHRIWKH
indicators was compared with the value of the 
RULJLQDOSUR¿OHH[WUDFWHGIURPWKH¿UVWSULQFLSDO
component. This comparison was calculated in 
relative error percentage and condenses in a 
single graph. The relative error percentage is 
the difference of an indicator from an edge 
HQKDQFHGLPDJH,HPLQXVWKHLQGLFDWRUIURP
WKH¿UVWSULQFLSDOFRPSRQHQW,FSQRUPDOL]HG
E\ ,FS )LJXUH  VKRZV WKH JUDSK WKDW
summarizes the quantitative evaluation of the 
SUR¿OHV)RU$67(5LPDJH¿JXUHDGHSLFWV
the relative error percentage with respect to 
WKHRULJLQDOSUR¿OHLQ¿UVWSULQFLSDOFRPSRQHQW
Figure 7.0RVDLF,.2126$D3&EDYHUDJHRIPXOWLVSHFWUDOJUDGLHQWFPXOWLVSHFWUDO/DSODFLDQG6REHO
on PCH)UHL&KHQRQ3&I.LUVFKRQ3&JVFDODU/DSODFLDQRQ3&K3UHZLWWRQ3&L5REHUWVRQ3&.
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)LJXUHEVKRZUHVXOWVIRU,.2126LPDJH
$QJOHV T and q DUH QRW LQFOXGHG LQ ¿JXUH IRUPXOWLVSHFWUDO /DSODFLDQ DQG IRU .LUVFK
RSHUDWRUVVLQFHDVH[SODLQHGDERYHWKHSUR¿OH
RI ¿JXUH F GRHV QRW RFFXU LQ WKH RULJLQDO
image. Such operators introduce an inversion 
RI FRQWUDVW GHVFULEHG LQ ¿JXUH F 1RQH
WKH OHVV WKH SUR¿OHW\SH RI ¿JXUH F ZDV
FRPSDUHG DPRQJPXOWLVSHFWUDO /DSODFLDQ DQG
Kirsh operators. The contrast for all operators 
LVSUHVHQWHGLQ¿JXUHIRUERWKVHQVRUV
Discussion
Our discussion is divided in qualitative and 
quantitative evaluation as described in Section 
 7KH QH[W WZR VHFWLRQV SURYLGH GHWDLOHG
description of such evaluation.
Qualitative discussion
$ YLVXDO LQVSHFWLRQ RI UHVXOWV XVLQJ WKH
TXDOLWDWLYH FULWHULD GHVFULEHG LQ 6HFWLRQ 
produces higher rating for our methods in 
comparison with any other edge-enhancement 
method considered in our research. For such 
LQVSHFWLRQ ZH HPSOR\HG ¿JXUHV  WR  ,Q
particular, and on the grounds of such rating, 
we may list the following evaluation
D (GJHV IURP 6REHO )UHL&KHQ 3UHZLWW
DQG 5REHUWV RSHUDWRUV DUH ZLGHQHG IRU ERWK
images. The images from these operators 
appear unsharpened. The contrast is high and 
has a noisy appearance. Thin lines, points and 
linear objects are blurred or obliterated.
Figure 8.0RVDLF,.2126%D3&EDYHUDJHRIPXOWLVSHFWUDOJUDGLHQWFPXOWLVSHFWUDO/DSODFLDQG6REHO
on PCH)UHL&KHQRQ3&I.LUVFKRQ3&JVFDODU/DSODFLDQRQ3&K3UHZLWWRQ3&L5REHUWVRQ3&.
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Figure 9. D  )LUVW URZ5*%FRORU FRPSRVLWHRI WKH¿UVW WKUHHEDQGVRI$67(5 LPDJH6HFRQG URZHGJH
enhancement from Canny operator with V ZLQGRZVL]H [7KLUGURZHGJHHQKDFHPHQWIURP&XPDQL
operator with V WKUHVKROG E)LUVWURZ5*%FRORUFRPSRVLWHRIWKH¿UVWWKUHHEDQGVRI,.2126
image. Second row, edge enhancement from Canny operator with V ZLQGRZVL]H [7KLUGURZHGJH
enhacement from Cumani operator with V WKUHVKROG 
a b
Figure 10.0RVDLFRIVWULSVIURPOLQHFROXPQDQGDQJOHIURP$67(5LPDJHVHH)LJXUHD
PCEDYHUDJHRIPXOWLVSHFWUDOJUDGLHQWFPXOWLVSHFWUDO/DSODFLDQG6REHORQ3&H)UHL&KHQRQ3&I
Kirsch on PCJVFDODU/DSODFLDQRQ3&K3UHZLWWRQ3&L5REHUWVRQ3&.
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Figure 11.3UR¿OHV$67(5&RPSDULVRQRISUR¿OHVRIDQHGJHORFDWHGRQOLQHFROXPQDQGDQJOHRI
PRVDLF$'RWVRQPRVDLF$RI¿JXUHLQGLFDWHWKHGLUHFWLRQRIWKLVOLQH
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Figure 12.3UR¿OHV$67(5&RPSDULVRQRISUR¿OHVRIDQHGJHORFDWHGRQOLQHFROXPQDQGDQJOHRI
PRVDLF%'RWVRQPRVDLF%RI¿JXUHLQGLFDWHWKHGLUHFWLRQRIWKLVOLQH
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Figure 13.3UR¿OHV,.2126&RPSDULVRQRISUR¿OHVRIDQHGJHORFDWHGRQOLQHFROXPQDQGDQJOHRI
PRVDLF$'RWVRQPRVDLF$RI¿JXUHLQGLFDWHWKHGLUHFWLRQRIWKLVOLQH
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Figure 14.3UR¿OHV,.2126&RPSDULVRQRISUR¿OHVRIDQHGJHORFDWHGRQOLQHFROXPQDQGDQJOHRI
PRVDLF$'RWVRQPRVDLF%RI¿JXUHLQGLFDWHWKHGLUHFWLRQRIWKLVOLQH
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Figure 15.5HODWLYHHUURURI$67(5SUR¿OHVDDQG,.2126SUR¿OHVE
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E (GJHV IURP WKH .LUVFK RSHUDWRU VKRZ
a relief-like appearance of urban buildings 
structure. The relief-like appearance is 
derived from the second derivative involved 
LQ WKH GH¿QLWLRQ RI WKLV RSHUDWRU 5HVXOWV
look somewhat unsharpened and contrast is 
relatively small. There is no noisy appearance. 
Thin edges, points and linear objects are 
blurred.
F(GJHVIURPWKHVFDODU/DSODFLDQRSHUDWRU
DUHOHVVZLGHQHGWKDQRWKHURSHUDWRUV5HVXOWV
are sharp, thin edges, points and linear objects 
are preserved. However the contrast is low. 
No-noisy appearance is observed.
G7KHDYHUDJHRIWKHEDQGVRIWKHLPDJH
resulting from the multispectral gradient show 
sharp edges with good contrast. The contrast 
is higher than the scalar gradient, details such 
as thin lines and points are preserved. No noisy 
appearance is observed.
H 7KH HGJH LPDJH UHVXOWLQJ IURP WKH
PXOWLVSHFWUDO /DSODFLDQ VKRZ D UHOLHIOLNH
DSSHDUDQFHZLWK EHWWHU GH¿QLWLRQ DQG VLPLODU
than the Kirsch operator. The relief appearance 
RI WKH PXOWLVSHFWUDO /DSODFLDQ LV VKDUSHQLQJ
ZLWK EHWWHU SUHVHUYDWLRQ RI ¿QH GHWDLOV WKDQ
WKHVFDODU/DSODFLDQ7KHFRQWUDVWLVKLJKDQG
edges are sharp. No noise is observed.
Figure 16.&RQWUDVWIRU$67(5SUR¿OHVDDQG,.2126SUR¿OHVE
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I 7KH VKDUSQHVV RI HGJHV WKH FRQWUDVW
the noisiness appearance, and general quality 
of multispectral gradient and multispectral 
/DSODFLDQDUHEHWWHU WKDQ WKHHGJHRSHUDWRUV
FRPSDUHGLQRXUZRUN)LJXUH
Quantitative discussion
$V VKRZQ LQ ¿JXUHV    WKH GRWV RQ WKH
border of the mosaics indicate the lines were 
SL[HO YDOXHV SUR¿OHV DUH H[WUDFWHG 7KHVH
lines were selected to include sharp edges 
VXFK DV WKH OLQHV RI WKH ODQGLQJ ¿HOGV RI WKH
airport and abrupt change of pixel values due 
to constructions or particular features with 
KLJKFRQWUDVW7KHSUR¿OHVH[WUDFWHGIURPWKH
¿UVWSULQFLSDOFRPSRQHQWDUHFRPSDUHGWRWKH
SUR¿OHV H[WUDFWHG IRUP HGJH HQKDQFHPHQW
LPDJHV 0DQ\ SUR¿OHV ZHUH LQVSHFWHG DW
UDQGRP$VHOHFWLRQRISUR¿OHVZDVSHUIRUPHG
when they contained at least one of the edge-
PRGHOVRI¿JXUH:HPHDVXUHG WKHDERYH
GHVFULEHG LQGLFDWRUV )LJXUH  IRU WZHQW\
VHOHFWHG HGJH SUR¿OHV WKRVH ZLWK WKH EHVW
GH¿QLWLRQ )URP VXFK PHDVXUHPHQWV ZH
derived a list of conclusions.
3UR¿OHVRIVHOHFWHGOLQHVRIWKH$67(5DQG
IKONOS image-mosaics show the following:
6REHO)UHL&KHQDQG5REHUWVRSHUDWRUV
ZLGH DQG VPRRWK WKH SUR¿OHV RI WKH RULJLQDO
edges of the images.
.LUVFKDQG3UHZLWWRSHUDWRUVZLGHDQG
VPRRWKWKHSUR¿OHVEXW LQD OHVVGHJUHHWKDQ
6REHO)UHL&KHQDQG5REHUWVRSHUDWRUV
7KHUHOLHIOLNHDSSHDUDQFHRIWKH.LUVFK
images is due to the contrast inversion of some 
HGJHVRIWKHRULJLQDOSUR¿OH
7KHVFDODU/DSODFLDQRSHUDWRUGRHVQRW
wide nor smoothes the edges but reduces the 
contrast of the edges.
 7KH PXOWLVSHFWUDO JUDGLHQW DQG WKH
PXOWLVSHFWUDO/DSODFLDQGRQRWZLGHQRUVPRRWK
the edges, and in addition to this, increase the 
contrast of the edges.
 7KH PXOWLVSHFWUDO JUDGLHQW DQG WKH
PXOWLVSHFWUDO/DSODFLDQVKRZJRRGFRQWUDVWRI
the enhanced edges.
7KHVSDWLDOORFDWLRQHUURULVKLJKHVWIRU
5REHUWV RSHUDWRU 7KH OHDVW HUURU LV IRU WKH
VFDODU/DSODFLDQ
7KHVWHHSQHVVRIWKHHQKDQFHGHGJHVLV
less than the original edges for those operators 
that smooth and wide the edges.
 2YHUDOO WKH PXOWLVSHFWUDO JUDGLHQW
DQG WKH PXOWLVSHFWUDO /DSODFLDQ VKRZ JRRG
conditions of contrast, steepness, spatial 
ORFDWLRQDQGGH¿QLWLRQRIHGJHVZLWKUHVSHFWWR
the other operators.
Possible applications for multispectral edge 
HQKDQFHPHQW DUH LGHQWL¿FDWLRQ RI OLQHDU
IHDWXUHIRUJHRORJLFHQYLURQPHQWVLGHQWL¿FDWLRQ
of ancient highways in archeological studies, 
delineation of coastlines, studies of urban 
structures, delineation of water bodies and 
studies of coastal current patterns.
Conclusions
Two methods to extract edges from multispectral 
images are designed and discussed in this 
research. Such methods require the modeling 
of the original multispectral image as a vector 
¿HOG 8SRQ WKLV YHFWRU ¿HOG ZH DSSOLHG WZR
vector operators to extract the edge content 
originally distributed through the bands of 
the images. These methods are parameter-
IUHH$TXDOLWDWLYHDQGTXDQWLWDWLYHHYDOXDWLRQ
show that our methods perform better than 
widely used edge enhancement procedures. 
The basic reason for this is that our methods 
extract the edge-content distributed through 
the original bands of a multispectral image. 
Our methods are not computing demanding, 
we use a fast Fourier transform to calculate the 
PXOWLVSHFWUDO/DSODFLDQ7KHFDOFXODWLRQRIWKH
multispectral gradient is fast since it involves 
vector differences in a moving window. On a 
3&XQGHU:LQGRZVWKHFRPSXWLQJWLPHIRU
DSL[HOVPXOWLVSHFWUDOLPDJHZLWK
EDQGVGRHVQRWH[FHHG WKUHHPLQXWHV2XU
methods work for multispectral images with 
any number of bands, the limit is set by the 
DYDLODEOH PHPRU\ $ WHVW RQ K\SHUVSHFWUDO
images is not yet performed.
References
%LJDQG $ %RXZPDQV 7 'XEXV -3 
Extraction of line segments from fuzzy 
images, Pattern Recognition Letters , 
±
%RZ\HU..UDQHQEXUJ&'RXJKHUW6
Edge detector evaluation using empirical 
52& FXUYHV Computer Vision and Image 
Understanding, ±
%UDFHZHOO 51  Fourier Analysis and 
Imaging.OXZHU$FDGHPLF1HZ<RUN
&KHQ ; &KHQ +  $ QRYHO FRORU HGJH
GHWHFWLRQ DOJRULWKP LQ 5*% FRORU VSDFH
      VOLUME 53 NUMBER 3
-/LUDDQG$5RGUtJXH]
,((( WK ,QWHUQDWLRQDO &RQIHUHQFH RQ
Signal Processing%HLMLQ&KLQDSS

&KX-0LDR-=KDQJ*:DQJ/(GJH
and corner detection by color invariants, 
Optics and Laser Technology
(EOLQJ - 6FKHXHUPDQQ -  &OLIIRUG
)RXULHU WUDQVIRUP RQ YHFWRU ¿HOGV IEEE 
Transactions on Visualization and Computer 
Graphics±
(VFDODQWH5DPtUH] % /LUD -  3HUIRU
mance-oriented analysis and evaluation 
of modern adaptive speckle reduction 
WHFKQLTXHV LQ 6$5 LPDJHV Proceedings, 
SPIE’s 9LVXDO ,QIRUPDWLRQ 3URFHVVLQJ 9, 
2UODQGR)ORULGDSS
(YDQV $1 /LX ;8  $ PRUSKRORJLFDO
gradient approach to color edge detection, 
IEEE Transactions on Image Processing

)DQ -3 $UHI:* +DFLG +6 (/0DJXLPLG
$.$QLPSURYHGDXWRPDWLFLVRWURSLF
color edge detection techniques, Pattern 
Recognition Letters±
*DR&%=KRX-/+X-5/DQJ)1
Edge detection of colour image based on 
quaternion fractional differential, IET Image 
Processing
.RVFKDQ $ $ELGL 0  'HWHFWLRQ DQG
FODVVL¿FDWLRQRIHGJHVLQFRORULPDJHVIEEE 
Signal Processing±
/L*'0LQ/4=DQJ+<&RORUHGJH
detections based on Cellular Neural Network, 
,QWHUQDWLRQDO -RXUQDO RI %LIXUFDWLRQ DQG
Chaos±
/LUD - 5RGUtJXH] $  $ 'LYHUJHQFH
2SHUDWRU WR 4XDQWLI\ 7H[WXUH )URP 0XOWL
spectral Satellite Images, International 
-RXUQDO RI 5HPRWH 6HQVLQJ   ±

/LUD-Tratamiento Digital de Imágenes 
Multiespectrales, www.lulu.com
1H]KDGDU\D(.UHLGLHK5$QHZVFKHPH
for robust gradient vector estimation on 
color image, IEEE Transactions on Image 
Processing
3UDWW :.  Digital Image Processing, 
Wiley Interscience, New York.
6XQGDUDP 5  $QDO\VLV DQG
LPSOHPHQWDWLRQ RI DQ HI¿FLHQW HGJH
detection algorithm, Optical Engineering, 
±
;X-<H//XR:&RORUHGJHGHWHFWLRQ
using multiscale quaternion convolution, 
,QWHUQDWLRQDO -RXUQDO RI ,PDJLQJ 6\VWHPV
and Technology
<RVKLGD +  0XOWLVFDOH HGJHJXLGHG
wavelet snake model for delineation of 
pulmonary nodules in chest radiographs, 
-RXUQDORI(OHFWURQLF ,PDJLQJ±

